Introduction {#sec1}
============

The management of hemophilia in the last decade has achieved great progress, including extending the half-life of clotting factors, subcutaneously administered hemostatic non-factor therapies, and gene therapy. For gene therapy, adeno-associated virus (AAV) vector-mediated gene delivery has emerged as one of the most promising approaches to make a cure for hemophilia a reality. AAV is a single-stranded DNA virus. Due to its low immunogenicity and long-term transgene expression, as well as rare integration into host chromosomes, AAV vectors have been extensively studied as a vehicle to deliver therapeutic genes in numerous preclinical animal models. Based on the exciting data obtained from pre-clinical studies, over 150 AAV-based clinical trials are underway.

Notably, a therapeutic effect has been achieved for an inherited retinal disease, which very recently received approval from an advisory committee at the US Food and Drug Administration (FDA).[@bib1] AAV vectors have also been used for gene therapy in patients with hemophilia A and B. The safety, efficacy, and persistence of AAV-mediated gene transfer following a systemic administration of the vector have been confirmed by the majority of ongoing clinical studies for patients with hemophilia.[@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7] Indeed, from a follow-up more than 7 years after a single AAV vector infusion through the peripheral vein, therapeutic levels of clotting factor IX have been achieved in a successful hemophilia B clinical trial.[@bib8], [@bib9], [@bib10] In the human population, as high as 90% of subjects have AAV-neutralizing antibodies (NAbs). In patients with hemophilia, we found AAV NAbs in approximately 50%[@bib11] of subjects. Only patients with hemophilia who have little or no NAbs against AAV vectors are eligible to receive AAV gene therapy, so NAbs pose an outstanding challenge for the application of AAV vectors for patients to be eligible for systemic administration, especially for those who have received AAV gene therapy before. Several approaches have been proposed to evade NAbs by engineering a modification of the AAV capsid or decreasing NAb titer in circulation by the depletion of NAbs.

Given that the AAV genome forms a non-integrating episome after viral transduction, the loss or decrease of the transgene and its expression will be an important concern and potential outcome over the long term.[@bib12] This might necessitate re-administration of gene therapy vectors at a later time. It has been assumed that the re-administration of the same AAV serotype is impossible due to serotype-specific, anti-AAV NAbs that are produced after the initial AAV treatment.[@bib13] Nonetheless, in both mice and non-human primates (NHPs), sequential AAV delivery of serotypes AAV5 and AAV1 have proven safe and successful for re-administration to target the liver tissue, implicating that alternative serotypes could serve as an option in patients with pre-existing immunity toward a certain serotype after the initial treatment.[@bib13]

It is impossible to study the transduction tropism of different AAV serotypes in humans due to ethical issues, so in clinical trials the AAV serotype has been chosen based solely on empirical experience. For example, AAV8 has been used in several clinical trials for patients with hemophilia since AAV8 has shown to be superior to transduce the mouse liver and NHP and other large animal models.[@bib14], [@bib15] Indeed, clinical trials with the AAV8 vector have generated a therapeutic level of clotting factors after a systemic administration of liver targeting. However, generally, AAV vectors do not transduce dog liver as efficiently as in mouse,[@bib16] and even in NHPs the liver transduction efficiency is much less than that in the mouse.[@bib17], [@bib18] Other serotypes and capsids (AAV5, LK03, etc.) are starting to emerge for human liver targeting.[@bib7], [@bib19] In this study, we tested the feasibility of re-administration using the same serotype of AAV vector in a dog model with hemophilia. Previously, we demonstrated that a phenotypic correction was achieved after a systemic administration of AAV8 encoding canine FVIII in hemophilia A dogs.[@bib14] After 8 years, the phenotypes measured by whole-blood clotting time (WBCT) and FVIII-specific activated partial thromboplastin time (aPTT) of the two dogs decreased to the levels of the untreated hemophilia A dogs. To study whether we were able to correct the disease after re-administration of the same serotype of AAV vector encoding the therapeutic transgene, two hemophilia A dogs were treated with AAV8 expressing human factor VIII (AAV8/hFVIII). After re-administration, phenotypic improvement was again achieved in both dogs 8 years after the initial infusion of AAV8/canine FVIII.

Results {#sec2}
=======

AAV NAbs Are Undetectable in Dogs Receiving the AAV8 Vector 8 Years Prior {#sec2.1}
-------------------------------------------------------------------------

In our prior study, seven dogs with hemophilia A were treated with an AAV8 vector encoding the canine FVIII.[@bib14] Before the initial AAV8 administration, no NAbs against AAV8 were detected. After the administration of AAV8 and the proteasome inhibitor bortezomib, the AAV8 NAb titer increased to 1:128 at week 2 for two available dogs (U10 and U11), decreased to 1:64 and 1:32 at week 8, respectively, and was undetectable at year 8 ([Table 1](#tbl1){ref-type="table"}). Since the NAb analysis based on an *in vitro* assay could not predict the actual neutralizing activity of the recipient serum due to the variable dose used, we performed an *in vivo* NAb assay.[@bib20]Table 1Neutralizing Antibody to AAV8 after Initial AdministrationPre-administrationWeek 2 after Initial AdministrationWeek 8 after Initial Administration8 Years after Initial AdministrationDog U100128640Dog U110128320[^2]

In this study, we took into consideration the planned re-administration dose of 4 × 10^12^ particles/kg of AAV8/hFVIII, which was estimated based on the current body weight of the dogs and the anticipated potency of the available AAV8/hFVIII vectors. Assuming a plasma volume of 4% body weight, the concentration of the AAV vector in the blood should be 1 × 10^8^ particles/μL plasma following the injection of 4 × 10^12^ particles/kg AAV8/hFVIII. To mimic the actual ratio of the AAV8 vector-to-dog serum volume (1 × 10^8^/μL) in dogs with re-administration, we incubated 3 × 10^9^ particles of the AAV8/luciferase with 30 μL of either dog plasma or PBS for 2 hr at 4°C, and then the mixture was injected into the hind legs of the C57BL/6 mice. One leg received AAV8 incubated with dog plasma and the contralateral leg was injected with AAV8 incubated with PBS as an internal control. After 2 weeks, the luciferase imaging was performed ([Figure 1](#fig1){ref-type="fig"}; [Figure S3](#mmc1){ref-type="supplementary-material"}). The inhibition or enhancement of the dog plasma was calculated against the luciferase expression from the AAV8 incubated with PBS ([Figure 1](#fig1){ref-type="fig"}). The plasma from both dogs had no detectable neutralizing activity, but actually it had an enhanced effect (about 3-fold) on AAV8 transduction. These results suggest that re-administration is feasible in these dogs after a long-term follow-up from the first AAV administration.Figure 1AAV-Neutralizing Antibody Analysis *In Vivo*3 × 10^9^ particles of AAV8/firefly luciferase were incubated with 30 μL of either canine plasma (dog U10 and dog U11) or PBS for 2 hr at 4°C. Then the mixture of AAV8 and canine plasma was injected into the left hind legs of C57BL/6 male mice, and the contralateral leg was injected with AAV8 and PBS as an internal control. (A) After 2 weeks, the luciferase imaging was performed; scale was represented as photons per second. (B) The average fold increase from 3 mice treated with AAV8.canine plasma versus AAV8/PBS was calculated. The capture and measurement of the signal intensities from regions of interest are also shown in [Figure S3](#mmc1){ref-type="supplementary-material"}. Data are presented as average ± SE.

Re-administration of AAV8 Expressing Human FVIII Results in a Phenotypic Improvement of Hemophilia A Dogs {#sec2.2}
---------------------------------------------------------------------------------------------------------

To study whether re-administration of the same serotype of AAV vector induces therapeutic transgene expression in hemophilia A dogs that received AAV8 vector encoding canine FVIII 8 years ago, a hFVIII cassette was chosen for easily differentiating transgene expression. For re-administration, we co-injected 4 × 10^12^ particles/kg AAV8/hFVIII vector, along with bortezomib at a dose of 1.3 mg/m^2^, into two dogs via the peripheral vein, since proteasome inhibitor bortezomib has demonstrated the ability to enhance AAV transduction in our previous studies.[@bib14] Correction of the plasma-clotting potential was quantified using an FVIII-specific aPTT ([Figure 2](#fig2){ref-type="fig"}A), the WBCT ([Figure 2](#fig2){ref-type="fig"}B), hFVIII antigen quantification by ELISA ([Figure 2](#fig2){ref-type="fig"}C), and thromboelastography (TEG; [Figure S1](#mmc1){ref-type="supplementary-material"}) assay. For aPTT analysis, three FVIII-containing products were used as controls, including normal human plasma (factor assay control plasma \[FACT\]), 1 IU/mL recombinant hFVIII, and normal canine plasma (NCP).Figure 2Dynamic aPTT Improvement after an AAV8/hFVIII Re-administrationThe hemophilia dogs U10 and U11 were treated with the dose of 4 × 10^12^ particles/kg of AAV8/hFVIII, with bortezomib, at a dose of 1.3 mg/m^2^ via the peripheral vein. At the indicated time points after re-administration, aPTT analysis from citrated plasma was performed. (A) FVIII-specific aPTT. FACT, normal human plasma; NCP, normal canine plasma; X, U10 died at day 120. (B) Whole-blood clotting time (WBCT). Normal range of 6--10 min in hemostatically normal dogs is indicated in the box region as normal. Hemophilic dogs had baseline WBCT \> 20 min. (C) FVIII antigen protein level in blood at different time points up to day 64 post-AAV8/hFVIII re-administration was measured by hFVIII-specific ELISA.

After AAV8/hFVIII administration, a shortened aPTT time was observed beginning at day 2, followed by further shortening over time, and the shortest aPTT time was observed at days 14 and 27 after vector re-administration for dogs U10 and U11, respectively. The peak aPTT clotting time in U11 was shorter than the FACT (around 80 s), a value corresponding to about 20% activity under a standard prepared from a recombinant hFVIII product. For the dog U10, aPTT remained stable until day 59 and then became prolonged. The dog U10 died from a fatal spontaneous soft tissue hemorrhage at day 120 post-AAV injection. For the dog U11, after reaching its peak, the aPTT remained unchanged during the ongoing follow-up period. A slight decrease of the WBCT was observed for the dog U10 (16 min pre-AAV8/hFVIII and 12 min after AAV8), and the WBCT was 42.5 min before death. The improvement of the WBCT in the dog U11 was consistent with the result for aPTT analysis. The WBCT decreased from 23 min before the AAV8 injection to 13.5 min after the AAV administration. Although there was a variation of the TEG parameters, the overall outcomes were consistent with the aPTT and WBCT values ([Figure S1](#mmc1){ref-type="supplementary-material"}). We also examined the hFVIII expression in the blood. The increased concentration of plasma hFVIII level was observed in both dogs after a systemic administration of the AAV8/hFVIII. In the dog U10, after the FVIII peaked at day 49, it started to drop starting at day 55, and it declined to the baseline at day 64. In the dog U11, FVIII levels peaked at day 27 and remained persistent thereafter ([Figure 2](#fig2){ref-type="fig"}C).

AAV Capsid CTL Response after AAV8/hFVIII Administration {#sec2.3}
--------------------------------------------------------

For the dog U10, starting from day 59 post-AAV8/hFVIII injection, the aPTT and WBCT were gradually prolonged until death at day 120. There are three possibilities for this: a cytotoxic T lymphocyte (CTL) response to the AAV8 capsid, a CTL response to the hFVIII protein, or a hFVIII inhibitor development. It has been suggested that the AAV capsid is able to induce a capsid-specific CTL response via antigen cross-presentation after AAV transduction and the capsid-specific CTLs eliminate the AAV-transduced cells in clinical trials for patients with hemophilia. At first, we investigated whether the liver was damaged after AAV transduction in these dogs by the detection of elevated liver enzymes in the blood. There was no obvious change of the alanine transaminase (ALT) level in the plasma (\<2-fold) in the dog U11 before and at multiple time points after the AAV8/hFVIII administration. For the dog U10, the ALT level was persistently higher after AAV8/hFVIII administration, and the ALT level was 40 IU/mL at 45 days post-AAV injection, when compared to pre-injection levels (15 IU/mL) ([Figure 3](#fig3){ref-type="fig"}). Other biochemistry parameters ([Table S1](#mmc1){ref-type="supplementary-material"}) after AAV8 vector re-administration were not altered. The liver function analysis suggests that the CTL response may contribute to the elimination of AAV8-transduced hepatocytes, which would lead to lower FVIII function in the blood.Figure 3Liver Enzyme Changes after AAV8.hFVIII Re-administrationSerum alanine transaminase (ALT) (A) and aspartate transaminase (AST) (B) were monitored at different time points post-AAV8/hFVIII re-administration in hemophilia dogs U10 and U11. Normal canine ALT range is 12--118 U/L and AST level is 15--66 U/L, as displayed in the gray area.

Next, we assayed the CTL response to the AAV capsid. After peptides derived from AAV8 capsid protein were incubated with fresh peripheral blood mononuclear cells (PBMCs) from the dogs, it was noted that a much higher percentage of CD8 cells expressing interferon (IFN)-γ (7.45%) was observed at day 17 when compared to that of the pre-AAV8 injection (2.41%) for peptide pool 2 incubated with the dog U10. There was no obvious difference (less than 2-fold) in the percentage of CD8 cells expressing IFN-γ in both dogs regardless of the peptide pools or detection at different time points ([Figure 4](#fig4){ref-type="fig"}). Although the time at which higher capsid-specific CTLs (day 17) were detected was different from that for the detection of increased aPTT time (day 59), it is impossible to rule out the effect of capsid CTL-mediated elimination of AAV8-transduced hepatocytes on decreased FVIII activity in the blood.Figure 4Capsid-Specific CTL Detection after AAV8/hFVIII Re-administrationPBMCs separated from the whole blood of the hemophilia dogs U10 and U11 were cultured in the presence of different AAV8 capsid peptide pools for 48 hr. Then PBMCs were stained with CD8 and IFN-γ antibodies and analyzed by flow cytometry. After the gating of CD8+ cells, the percentage of IFN-γ+ cells in CD8 cells is shown.

CTL Response to Human FVIII after AAV8/hFVIII Administration {#sec2.4}
------------------------------------------------------------

For dogs, hFVIII is a foreign protein, which can potentially elicit a CTL response when expressed endogenously from an AAV vector cassette. To study the CTL response induced from hFVIII expression after a systemic administration of AAV8/hFVIII, we performed an IFN-γ ELISPOT assay. Dog PBMCs were cultured with peptides derived from hFVIII protein, and 48 hr later IFN-γ-secreting cells were detected. As shown in [Figure 5](#fig5){ref-type="fig"}, when compared to the control group with PBS, there was no increase in IFN-γ-expressing cells in either dog, regardless of the time points for detection or peptide pools used for stimulation. This result indicates that no hFVIII-specific CTL response could be mounted after hepatocyte targeting in the dogs.Figure 5Transgene-Specific CTL Response Detection after AAV8/hFVIII AdministrationThe FVIII-specific CTL responses were measured by IFN-γ ELISPOT. The PBMCs from either dog U10 or U11 blood was cultured in the presence of different pools of the FVIII peptides for 48 hr in an ELISPOT plate. The combination of PMA and ionomycin was used as positive controls. IFN-γ-secreting cells (IFN-γ SCs) were detected by ELISPOT assay. The data represented the average and SD (error bar) from triplicates. Control used 10% DMSO in PBS, which was the solvent for the peptides. Data are presented as average ± SE.

FVIII-Neutralizing Inhibitory Antibodies after AAV8/hFVIII Re-administration {#sec2.5}
----------------------------------------------------------------------------

For the dog U11, over a follow-up of 7 months, no inhibitors to hFVIII were found. However, canine anti-hFVIII inhibitors were detectable at day 59 post-AAV injection in the dog U10, and they gradually increased. These inhibitors reached a peak at day 71 post-AAV treatment, and they remained unchanged at the level of 8 Bethesda units (BUs)/mL ([Figure 6](#fig6){ref-type="fig"}A). These data indicate that the hFVIII inhibitor development prevented the correction of hemophiliac coagulopathy in the dog U10.Figure 6Dynamic Changes in FVIII Inhibitory Antibodies in Hemophilia A Dog U10 and the Cytokine Profile after AAV8/hFVIII Re-administration(A) FVIII inhibitory antibodies were measured by Bethesda assay in units per milliliter. Canine plasma at different dilutions was mixed with normal human plasma at the ratio of 1:1 and incubated at 37°C for 2 hr. Naive hemophilia A canine plasma served as the control. The mixture was assayed using standard aPTT reagents, and the remaining activities were calculated against the control. Dynamic changes in pro-inflammatory cytokines MCP-1 (B), IFN-γ (C), and IL-7 (D) and immunomodulatory cytokines TGF-β (E) and IL-10 (F) were measured on Luminex MAGPIX system from the plasma of hemophilia dogs U10 and U11 after AAV8/hFVIII re-administration.

Elevated Pro-inflammatory Cytokines MCP-1, IFN-γ, and IL-7 and Decreased Anti-inflammatory Cytokines TGF-β and IL-10 in the Hemophilia Dog with FVIII Inhibitor Formation {#sec2.6}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

In hemophilia A mice administered AAV8-mediated gene therapy, we have found that there are elevated monocyte-derived pro-inflammatory cytokines or chemokines, together with decreased anti-inflammatory cytokine transforming growth factor β (TGF-β) at an early time point. This may contribute to the persistent inflammatory environment in favor of an immune response toward FVIII inhibitor development.[@bib21] In this study, we also detected the kinetics of these cytokines or chemokines in the blood of these dogs with AAV8/hFVIII treatment. Strikingly, the level of anti-inflammatory cytokine TGF-β ([Figure 6](#fig6){ref-type="fig"}E) dropped sharply to undetectable levels 4 days before FVIII inhibitor development was observed at day 55 in the dog U10. This was not seen in the dog U11, who did not develop FVIII inhibitors. Generally, interleukin (IL)-10 levels in the dog U10 were lower ([Figure 6](#fig6){ref-type="fig"}F), while monocyte chemoattractant protein (MCP)-1, IFN-γ, and IL-7 were higher than in the dog U11 ([Figures 6](#fig6){ref-type="fig"}B--6D). There was no difference in the levels for other measured cytokines, including IL-6 and IL-8, between the two dogs, and the cytokines IL-2, IL-18, IFN-γ, and tumor necrosis factor alpha (TNF-α) were undetectable at most of the time points in both dogs ([Figure S2](#mmc1){ref-type="supplementary-material"}).

Regulatory T Cell Response in Dogs after AAV8/hFVIII Administration {#sec2.7}
-------------------------------------------------------------------

Regulatory T cells play a critical role in immune tolerance in treatment of hemophilia. It has been demonstrated that Treg cells are induced in mice after AAV8 vector administration via systemic administration. We performed Treg analysis before re-administration and at days 17 and 36 after re-administration of AAV8/hFVIII. A dramatic drop in the level of Treg cells was observed at day 36 post-AAV8 injection in the dog U10 (0.15% versus 4.86% pre-AAV and 3.52% at day 17 post-AAV treatment; [Figure 7](#fig7){ref-type="fig"}). However, a low level of Treg cells was detected at day 17 after AAV8/hFVIII administration in the dog U11 (0.52% versus 2.08% pre-AAV and 1.35% at day 36 post-AAV; [Figure 7](#fig7){ref-type="fig"}).Figure 7The Profile of T Regulatory Cells after AAV8/hFVIII Re-administrationPBMCs separated from the whole blood of the hemophilia dogs U10 and U11 were stained with CD4, CD25, and Foxp3 antibodies, and then they were analyzed by flow cytometry. Gated on CD4^+^ cells, Treg cells (CD4^+^ CD25^+^ Foxp3^+^) were shown in Gate R5. The controls were set up to include CD4+, CD25+, Foxp3+, and CD4+CD25+.

Kinetics of AAV8-NAbs after Re-administration {#sec2.8}
---------------------------------------------

It is interesting to note that AAV8 NAbs were generated at a high titer of 1:128 and then decreased to an undetectable level at 8 years after the initial AAV8 administration. This observation has not previously been reported. Unfortunately, due to the unavailability of serum samples from these dogs, we could not investigate the kinetics of the NAbs after the initial AAV8 administration. In this study, after AAV8 vector re-administration, a robust NAb against AAV8 developed. The titer peaked at 1:6,400 10 days post-AAV re-administration in both dogs, then gradually dropped to 1:400 at day 110 in dog U10 and 1:400 at day 64 in dog U11 and remained at this level up to day 197 ([Figure 8](#fig8){ref-type="fig"}). The NAb titer level in both dogs after re-administration was nearly 50-fold higher than that after the initial AAV8 vector administration ([Table 1](#tbl1){ref-type="table"}), indicating that memory B cells might still exist even at 8--9 years after the AAV8 initial administration. We suspect memory B cells are activated after re-administration of the AAV8 capsid even though NAbs against AAV8 are undetectable before its re-administration. Although there was a slight difference in the NAb-level kinetics between the two dogs after the AAV8 re-administration, the trend of gradual NAb decrease was similar. It took about 30--50 days after the second administration for the NAbs to decrease by half. This finding may explain why no NAbs were detected at years 8--9 after the initial AAV administration in these dogs.Figure 8Dynamic Change in Neutralizing Antibodies against the AAV8 Capsid after AAV8/hFVIII Re-administrationAfter the AAV8/hFVIII re-administration, neutralizing antibodies against AAV8 capsid were measured in the hemophilia dogs U10 and U11.

Discussion {#sec3}
==========

Two dogs with hemophilia A were initially treated 8 years ago with AAV8 vectors encoding canine FVIII. AAV-specific NAbs were produced and decreased to an undetectable level 8 years later. This observation supports our rationale to re-administer the same serotype of AAV for these dogs. In this study, these dogs received AAV8 vectors encoding hFVIII via a systemic administration, and a therapeutic effect was achieved in both dogs. Over the 5 months of follow-up, one dog (U11) survived with a stable level of FVIII expression. In contrast, the dog U10 showed an initial phenotypic correction but died 4 months after AAV injection when a Bethesda FVIII inhibitor developed against the foreign hFVIII protein. In the dog U10, a capsid-specific CTL response was detected at an early time point after vector re-administration. Subsequently, FVIII inhibitors developed, a much lower level of Treg cells were found circulating in the blood, and an imbalance of both proinflammatory cytokines and immunosuppressive cytokines were also observed in this dog. To the best of our knowledge, this is the first report where the same serotype of the initial AAV-FVIII vector was re-administered to achieve hemostasis improvement in a hemophilia A dog. Given the safety and the efficacy of the current hemophilia clinical trials,[@bib2], [@bib3], [@bib4], [@bib5], [@bib7] the feasibility of an AAV vector re-administration would potentially expand the application to patients who lose therapeutic transgene expression later on.

Pre-existing circulating NAbs[@bib22] against AAV are the biggest barrier[@bib23] for a systemic application of AAV-mediated gene therapy, especially for liver targeting to treat patients with hemophilia. Numerous approaches have been proposed to evade NAb activity or decrease NAb titers in the blood. It has also been assumed that re-administration of the same AAV serotype is not feasible. In this study, re-administration was successful in two hemophilia A dogs that received the same serotype of an AAV vector 8 years prior. We believe two factors determine whether success will be achieved after re-administration. The first factor is the titer of NAbs in the recipient's blood and the second factor is the dose of the AAV vector proposed. If the NAb titer is very high and the dose of the AAV vector is low, no therapeutic effect will be obtained. If the NAb titer is low and a relatively high dose of AAV vector is proposed, there is a chance to achieve therapeutic effect. Careful examination of the ratio of NAb titer to AAV vector concentration in blood will help to figure out the actual dose needed for individual subjects.

For re-administration of the same AAV serotype, it is very important to understand the kinetics of NAbs in human blood. In these two dogs, we found that it takes 30--50 days for the NAb titer to decrease by 50%. There are no data about the kinetics of NAbs in patients with hemophilia after a systemic administration of AAV vector. However, in the clinical trial for patients with Duchenne muscular dystrophy, the NAb titer reached a peak and slightly decreased over a 1-year follow-up after an intramuscular injection of the AAV2.5 vector.[@bib24] The NAb titer level generated is related to the virus doses, and the route of vector delivery may also influence NAb titer. It is possible that the kinetics of NAb decline is related to the magnitude of NAbs generated and the balance of the continuous generation of NAbs from activated B cells and NAb half-life. Therefore, studies focusing on the kinetics of NAbs in future clinical trials with different administration routes and doses are warranted.

In this study, therapeutic hFVIII expression was achieved at an early time point after AAV8 re-administration, and then it decreased to the baseline in one of the dogs. There are several possibilities contributing to the failure of this therapy: the AAV capsid-specific CTL response mediated the elimination of AAV-transduced hepatocytes, hFVIII-specific CTLs mediated clearance of the transgene product expressed from liver cells, and/or hFVIII inhibitor development. It has been suggested that capsid-specific CTLs might attribute to the decreased FIX expression in clinical trials for patients with hemophilia B after a systemic administration of AAV vectors.[@bib25] Although a high number of the capsid-specific CTLs was detected at day 17 after AAV administration, but not at a later time (day 36), and in combination with the finding of slightly high liver enzyme ALT at day 43, it is still impossible to rule out the possibility that capsid-specific CTL response mediated liver cell clearance. Consistent with this study in the dog U10, a prolonged mild increase in ALT levels has also been reported in some participants in the AAV5-FVIII gene therapy trial.[@bib7] There was no obvious CTL response specific to the transgene hFVIII after its re-administration, perhaps due to utilization of the liver-specific promoter in the AAV cassette, which could not induce efficient hFVIII expression and antigen presentation in antigen-presenting cells (APCs).

The development of NAbs or inhibitors against the exogenously administered FVIII concentrates is the most significant therapeutic complication of hemophilia A, affecting up to 30%--40% of previously untreated patients (PUPs) treated with FVIII.[@bib26] By rendering a conventional replacement therapy ineffective, inhibitor formation results in increased morbidity and mortality,[@bib27] high cost, and a decreased quality of life.[@bib28] The development of inhibitors is a complex interplay of host and environmental factors. Among the network, the interaction and collaboration among the T, B, and APCs are mainly regulated by biochemical signals and cytokines.[@bib29], [@bib30] In a hemophilia A dog treated with gene therapy expressing hFVIII, the FVIII inhibitor formation, if any, usually arises before week 4 post-administration (unpublished data). The dog U10 developed an FVIII inhibitor at day 59 after re-administration. It is our speculation that a co-administration of a proteasome inhibitor might delay the FVIII inhibitor formation. Further regimen optimization for proteasome inhibitor application would require future investigation to determine if inhibitor formation could be decreased in certain patients with high risks.[@bib31], [@bib32] Interestingly, the dog that developed an FVIII inhibitor showed lower IL-10 and higher MCP-1 levels when compared with the dog that did not develop an FVIII inhibitor. More remarkably, 4 days before the FVIII inhibitor formation, the TGF-β dropped significantly to below the detection limit. IL-10 and TGF-β are recognized as immunomodulatory cytokines, while MCP-1 is a pro-inflammatory cytokine. Both animal models[@bib33], [@bib34] and clinical findings[@bib35], [@bib36] show that the imbalance of pro-inflammatory and anti-inflammatory cytokines is involved in the development of FVIII inhibitors. It warrants further investigation whether changes in cytokine patterns can be used as biomarkers to predict inhibitor formation and whether the modulation of cytokines can be used to decrease the development of inhibitor formation.

Numerous studies, including ours,[@bib37], [@bib38] have shown that proteasome inhibitors can enhance AAV transduction *in vitro* and *in vivo*[@bib39], [@bib40] by increasing virus intracellular trafficking. We have taken advantage via co-administration of a proteasome inhibitor to increase AAV transduction efficacy in this report. It should be noted that there are other potential effects of the proteasome inhibitor, which might be relevant to our findings. The proteasome inhibitor bortezumib has been successfully used for the induction of long-term immune tolerance in patients with infantile Pompe disease.[@bib41] TGF-β1 and IL-10 expression in cutaneous T cell lymphoma (CTCL) cells can be suppressed by bortezomib (BZ), which has shown promising results in the treatment of CTCL.[@bib42] It is worthwhile to study the role of bortezomib in AAV NAb kinetics in the future.

The disruption of immune cytokine or chemokine balance may also be related to a Treg alteration. In coincidence to inhibitor development, the percent of circulating Treg was gradually decreased in dog U10, but not in dog U11. Whether Tregs plays a role in lowering immune modulation cytokine levels in the blood and in hFVIII inhibitor development warrants further investigation. The liver microenvironment is able to induce a strong regulatory immune response, and immune tolerance to transgene products has been demonstrated after the administration of AAV vectors.[@bib43], [@bib44] The ability of AAV to induce immune tolerance is serotype dependent, as well as mouse strain dependent. For example, AAV8 induces a much stronger immune tolerance than AAV2 in mouse models, and inhibitors to FIX develop in C3H mice, but not in C57BL mice.[@bib45] It would be important to develop a transgene-specific Treg to induce and maintain the tolerance for blocking the transgene inhibitor occurrence in a clinical setting.

In summary, in the hemophilia canine model, we validated the feasibility of re-administration of AAV vectors in gene therapy for hemophilia, which is translationally significant given the successful clinical trials using AAV-mediated gene therapy.[@bib6], [@bib7], [@bib46], [@bib47]

Materials and Methods {#sec4}
=====================

Cell Lines and Virus {#sec4.1}
--------------------

HEK293 cells and Huh7 cells were maintained at 37°C in 5% CO~2~ in DMEM (Mediatech, Manassas, VA, USA) with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin-streptomycin (Corning, distributed by Mediatech, Manassas, VA, USA). The hFVIII expression cassette with a synthesized poly A[@bib48] was kindly provided by St. Jude Children's Research Hospital and flanked by AAV2 inverted terminal repeats (ITRs), in which hFVIII was driven by the liver-specific promoter HLP. The firefly luciferase gene in the AAV cassette with bovine growth factor poly A was driven by the chicken β-actin promoter. All vectors with single-stranded AAV genome were packaged into an AAV8 capsid (pXR8 with AAV2 rep) and produced using a triple-transfection protocol by the transient transfection of HEK293 cells, and vector was purified from clarified cell lysates by ion exchange chromatography, as described by Grieger et al.[@bib49] Titer was determined by dot blot at the Virus Vector Core Facility at the University of North Carolina at Chapel Hill.

Animal Care {#sec4.2}
-----------

Two female mixed-breed hemophilia A dogs, U10 (Marjorie) and U11 (Sprocket), that survived about 8 years post-treatment of the seven total hemophilia dogs treated, were initially housed at the University of Alabama at Birmingham (UAB) Medical School, and then transferred and maintained at the Francis Owen Blood Research Laboratory at the University of North Carolina (UNC) at Chapel Hill, a U.S. Department of Agriculture-approved facility. C57BL/6 mice were purchased from the Jackson ImmunoResearch Laboratories and housed and fed *ad libitum* at UNC at least 2 weeks before recruitment into the study. Mice and hemophilia dogs were maintained in the USDA-approved facilities as described before.[@bib14] All studies were approved by the UNC Institutional Animal Care and Use Committee.

Dog Experiment {#sec4.3}
--------------

Dogs U10 and U11 were initially treated by AAV8.canine factor VIII (cFVIII) in 2008 via portal vein administration,[@bib14] and then they were re-administered AAV8/hFVIII at the dose of 4 × 10^12^/kg body weight in 2017. The dogs were given a single intravenous dose of 1.3 mg/m^2^ of the proteasome inhibitor bortezomib (Millennium Pharmaceuticals, Cambridge, MA) that was diluted in normal saline 5 min prior to vector administration. The AAV vector was diluted with normal saline to 15 mL and infused within 5 min.

NAb against AAV8 Capsid by *In Vitro* and *In Vivo* Analysis {#sec4.4}
------------------------------------------------------------

Inhibition of AAV8 transduction by NAbs was assessed *in vitro* according to published methods as described.[@bib48], [@bib50] Briefly, Huh7 cells were seeded in a 48-well plate at 1 × 10^5^ cells/well, and they were cultured with 1 × 10^8^ particles AAV8/luciferase that had been pre-incubated with a serial dilution of dog sera from dogs U10 and U11 for 2 hr at 4°C. First, we used a 10-fold dilution with the start concentration of undiluted sera to obtain the NAb range. Then 2-fold dilution within the NAb range was used to determine the actual NAb titer. Luciferase activity in the cell lysate was measured with a Wallac-1420 Victor 2 automated plate reader 48 hr post-AAV transduction. NAb titers were defined to be the highest dilution of dog serum that reduced luciferase activity by 50% in comparison to that in cells transduced with AAV8/luciferase vectors that had been pre-incubated with PBS.

For *in vivo* analysis of NAbs, 3 × 10^9^ particles of AAV8/ luciferase vector were incubated with 30 μL undiluted dog sera or PBS for 2 hr at 4°C. The vectors were then injected directly into the hind leg muscle of C57BL/6 male mice that were 6--8 weeks old. Transgene expression was assessed by imaging 2 weeks thereafter[@bib48] using a Xenogen IVIS Lumina imaging system (Caliper Lifesciences, Hopkinton, MA). Mice were first anesthetized using 2.5% isoflurane in a gas chamber and then intraperitoneally injected with an excess of d-luciferin (5 mg in PBS, Caliper Lifesciences). At 5 min after the injection, image analysis was carried out using the Living Image software (Caliper Lifesciences). The signal intensities from regions of interest were expressed as total photon flux (photons per second), which has been used widely in studies.[@bib51], [@bib52]

FVIII-Specific ELISA, aPTT and Bethesda Assays, and Coagulation in Dogs {#sec4.5}
-----------------------------------------------------------------------

Blood samples were obtained from normal controls, untreated FVIII controls, and treated hemophilia A dogs as described previously.[@bib51] FVIII-specific aPTTs were recorded on the STart 4 coagulation analyzer (Diagnostica Stago) by incubating 50 μL canine plasma samples diluted in Owren-Koller buffer (Diagnostica Stago), 50 μL hFVIII-deficient plasma (George King Bio-Medical, Overland Park, KS), and 50 μL aPTT reagents for 3 min, then adding 50 μL 0.25 M calcium chloride. aPTT clotting times were generated based on normal human plasma (FACT, George King Bio-Medical, Overland Park, KS), normal pooled canine plasma (NCP), and 1 U/mL recombinant hFVIII (Advate, Baxter, Westlake Village, CA) to compare the efficacy achieved after vector re-administration. The Bethesda titer of the anti-hFVIII inhibitor was measured as previously reported[@bib48] with a slight modification. Briefly, the test plasma (at serial dilutions from 1:2 to 1:16, if applicable) were mixed with normal human plasma at a ratio of 1:1 and incubated for 2 hr at 37°C. Naive hemophilia A canine plasma mixed with normal human plasma (1:1) served as the control. The incubated mixture was analyzed using aPTT reagents, and the remaining activities were calculated against the control. FVIII protein level in blood was measured by the FVIII antigen kit from Affinity Biological (ON, Canada). WBCT and TEG were performed using whole-blood samples, as previously described.[@bib51], [@bib52]

PBMC Isolation {#sec4.6}
--------------

Fresh peripheral blood was diluted with 2 times the volume of 1640 medium (Gibco). 30 mL diluted cell suspension was carefully layered over 15 mL Ficoll and centrifuged at 2,000 rpm for 30 min at room temperature without any stops. Then the PBMCs were transferred to another tube and washed with 1640 medium and re-suspended in 1640 medium with 10% fetal bovine serum (FBS).

Flow Cytometry {#sec4.7}
--------------

For regulatory T cell detection, PBMCs isolated from the canine peripheral blood were stained with a PE/Cy7-CD4 antibody (eBioscience) and a PE-CD25 antibody (eBioscience) after being blocked by 5% FBS. After 30 min, the PBMCs were fixed and permeabilized following the manufacturer's recommendation for the Foxp3 Transcription Factor Staining Buffer Kit (Thermo Fisher Scientific). Then the PBMCs were stained by PE/Cy5.5-conjugated Foxp3 antibody (eBioscience) and analyzed by the Beckman Coulter CyAn ADP.

For CTL detection, synthesized AAV8 capsid peptides were divided into 3 peptide pools: peptide pool 1, 1--130 amino acid (aa); peptide pool 2, 131--260 aa; and peptide pool 3, 261--390 aa. The PBMCs were cultured in the presence of different peptide pools at a dose of 20 μg/mL for 48 hr. Before harvest, the cells were treated by Brefeldin A for 5 hr (BD Biosciences). Then the cells were stained with the APC-CD8a antibody for 30 min. The Fixation/Permeabilization Solution Kit (BD Biosciences) was used for cell fixation and permeabilization. Cells were incubated in 250 μL Fixation/Permeabilization solution for 20 min at 4°C and washed twice in 1 mL 1× BD Perm/Wash buffer. Then PBMCs were stained by fluorescein isothiocyanate (FITC)-conjugated IFN-γ antibody (Bio-Rad) in the Perm/Wash buffer.

ELISPOT {#sec4.8}
-------

PBMCs were seeded to an IFN-γ antibody-coated ELISPOT plate. Synthesized FVIII peptides (GenScript) were divided into 3 peptide pools: peptide pool 1, 1--250 aa; peptide pool 2, 251--510 aa; and peptide pool 3, 511--750 aa. PBMCs were cultured in the presence of the different peptide pools at a dose of 20 μg/mL. The combination of phorbol 12-myristate 13 acetate (PMA) and ionomycin (Thermo Fisher Scientific) was used as a positive control. After 48 hr, the IFN-γ-secreting cells were detected by following the protocol of the ELISPOT assay kit (R&D Systems).

Liver Enzyme Analysis {#sec4.9}
---------------------

Detection of serum ALT and aspartate transaminase (AST) levels was performed at the Histopathology Facility at UNC at Chapel Hill. Serum chemistry tests for dog samples were performed at ANTECH.

Multiplex Cytokine Measurement {#sec4.10}
------------------------------

Multiple cytokines, including TGF-β, IL-2, IL-6, IL-7, IL-8, IL-10, IL-18, IFN-γ, MCP-1, and TNF-α, were measured. Cytokines were measured on a Luminex MAGPIX system (Luminex, Austin, TX, USA), equipped with LUMINEX xPONENT software using custom kits (Bio-Rad, Hercules, CA). Cytokine levels were expressed in picograms per milliliter (pg/mL). Levels below the detection limit of each cytokine were defined as 0 pg/mL.
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